ABSTRACT
INTRODUCTION
Regulation of DNA replication occurs mainly at the level of initiation during which a specific nucleoprotein complex is formed at the origin of replication (1) . The multiple protein-protein and protein-DNA interactions and the way in which individual replication proteins influence this process is only beginning to be understood. The double stranded 36 kbp genome of adenovirus (Ad) contains two origins of replication located in the inverted terminal repeats (TTRs). The 5'-terminal C-residues of the DNA are covalently linked by a phosphodiester bond to the viral terminal protein (TP). This phosphodiester bond is created during the initiation reaction catalyzed by the adenovirus DNA polymerase (Ad pol) that forms a tightly associated heterodimer with the precursor of the terminal protein (pTP). The /3-hydroxyl group of serine 580 in pTP is coupled to the a-phosphoryl group of a dCTP molecule. The resulting pTP-dCMP complex serves as a primer for DNA synthesis via a strand displacement mechanism. By base-paring of the ITRs, the released single strand can restore a functional origin for replication of the second strand. Late in infection, pTP is processed to TP by a virus encoded protease. The origins of replication of human Ad serotypes 2 and 5 consist of an essential core region, bp 1 -18, of which base pairs 9-18 are highly conserved among different adenovirus serotypes, and an auxiliary region containing the binding sites for two host cell proteins, Nuclear Factor I (NFI) and the octamer binding protein Oct-1 that strongly augment the efficiency of the initiation reaction (2) (3) (4) (5) (6) .
NFI embodies a group of proteins present in the nucleus of higher eukaryotic cells with molecular weights varying from 36 to 66 kDa resulting from differential splicing of mRNA precursors (7) (8) (9) (10) (11) (12) (13) . NFI increases the efficiency of initiation of Ad2 and Ad5 DNA replication both in vitro and in vivo (14) (15) (16) (17) (18) (19) (20) . It binds as a dimer to its recognition site in the Ad origin (21 -26) critically positioned next to the core region (27) (28) (29) (30) which is the specific recognition she of pTP-pol (31, 32) . NFI can associate with pTP-pol (29, 33, 34) by means of direct protein-protein contacts between pol and the region between amino acids 68-150 in NFI (33) . This interaction stabilizes a preinitiation complex consisting of pTP-pol and the template. Thus, NFI positions pTPpol correctly at the site of initiation (31) . Concordingly, the level of stimulation by NFI in vitro is determined by the pTP-pol concentration (34) . NFI can also stimulate transcription via binding to promoter regions of many eukaryotic genes. However, the transcriptional activation domain of NFI is dispensable for stimulation of Ad DNA replication, for which all functional regions reside within the N-terminal DNA binding domain of NFI named NFI-BD (25, 26) .
Oct-1 or NFm is a 93 kDa member of the POU family of transcription factors involved in developmental regulation (35) (36) (37) (38) . It also stimulates initiation of Ad2 and Ad5 DNA replication by binding to the octamer element in the Ad origin immediately adjacent to the NFI site (39, 40) . Nevertheless, Oct-1 and NFI do not influence each other in DNA binding and stimulation of DNA replication (34) . Like for NFI, the DNA binding domain of Oct-1, the POU domain, possesses full stimulatory activity in Ad DNA replication (41) . The precise mechanism of action of Oct-1 is not known, but it does not increase the stability of the preinitiation complex and a direct interaction with pTP-pol could not be detected (31, 34, 42) . Possibly, it involves the induction of DNA bending by Oct-1 in its recognition site (43) .
The viral DNA binding protein (DBP), which is abundantly expressed in adenovirus infected cells (44) , binds to singlestranded and double-stranded DNA without apparent sequence specificity and changes its structure (45) (46) (47) (48) (49) . It is absolutely required for elongation, during which it increases the processivity of pol and covers the displaced strands (50, 51) . Although DBP can clearly stimulate the initiation reaction in vitro in the presence of NFI (14, 17, 52, 53) by increasing the binding of suboptimal amounts of NFI to its recognition site (54, 55) , discordant observations have been made of the effect on initiation of DBP itself (14, 40, 54, 55) .
Here we report that DBP can autonomously stimulate the initiation reaction more than 15-fold, at least partially resulting from a 7-fold reduction of the Km for dCTP during formation of the pTP-dCMP complex. NFI and Oct-1 do not affect the Km but increase the Vmax value of the reaction. Moreover, we show diat the Km for dCTP during initiation is about three fold lower than during elongation.
MATERIALS AND METHODS

Purification of replication factors
Purification of the pTP-pol complex (56), NFI-BD (31), the POU domain and Ad5 TP-DNA (34) has been described. DBP was isolated according to Tsemoglou et al. (1985) (57) , followed by chromatography on a heparine sepharose column equilibrated with buffer A (25 mM HEPES-KOH [pH 8.0], 1 mM DTT, 0.1 mM phenylmethylsulfonylfluoride, 0.02% Nonidet P-40, 20% glycerol)/250 mM NaQ and developed with a linear gradient of 350 mM to 750 mM NaCl in buffer A. DBP eluted around 450 mM NaQ and was loaded onto a fast flow S column, equilibrated with buffer A/100 mM NaCl and stepwise eluted with buffer A/300 mM NaCl. Finally, the DBP preparation was concentrated on a second, smaller fast flow S column processed similarly.
Initiation and partial elongation
Formation of the pTP-dCMP initation complex was performed in a reaction volume of 15 /J (unless indicated otherwise) containing 25 mM HEPES-KOH (pH 7.5), 5 mM MgCl 2 , 1 mM DTT, 4 mM ATP, varying concentrations of dCTP each containing 2 /iCi [a-^PJdCTP, 100 ng Xhol digested Ad5 TP-DNA and indicated amounts of replication proteins. The amounts of proteins vary between experiments for reasons described in the text or because optimal reaction conditions do not allow the NaCl concentration to exceed 60 mM. For elongation of the pTPdCMP complex with 25 nucleotides the reaction conditions were the same except for addition of 40 /xM of ddGTP, dTTP and dATP. The mixtures were incubated at 37°C for 20 min. This time point fell within the period in which die rate of pTP-dCMP formation was constant. The reactions were stopped by addition of 15 /tl stopmix leading to final concentrations of 75 mM sodium pyrophosphate, 10 mM EDTA and 100 ng//d BSA. After 15 min. precipitation on ice wim 20% trichloroacetic acid (TCA) the mixture was centrifuged at 14.000 rpm for 30 min. The precipitate was washed wim 1 % TCA, dissolved in sample buffer (2% SDS, 10% glycerol, 5% /3-mercaptoethanol, 100 mM Tris-HCL [pH 6.8], 0.002% bromophenolblue), loaded on a 10% polyacrylamide/SDS gel and analyzed by autoradiography and quantification by Cerenkov counting. In the Lineweaver-Burk plots, the values for the reaction velocity V are expressed in mole of product per min. for the total amount of enzyme used in the respective experiments, indicated in the legends. 1 U of pTP-pol equals about 0.35 /tg.
RESULTS
NFI increases the Vmax of the initiation reaction
Our previous work has shown that the association of NFI with pTP-pol functions to stabilize the pTP-pol-template preinitiation complex and to position pTP-pol correctly at die origin. To investigate whether NFI also affects the activity of the initiation complex during formation of the phosphodiester bond between pTP and dCMP, we investigated the effect of NFI on the kinetics of initiation. Therefore, we used an in vitro system reconstituted with purified proteins in which die initiation reaction can be studied by adding radioactively labelled dCTP as the only dNTP substrate to the reaction mixture, followed by product analysis on SDS-polyacrylamide gels. We measured the amount of pTPdCMP complex formed in the absence and in the presence of NFI as a function of the dCTP concentration ( Fig. 1 A) . We chose a relatively high pTP-pol concentration at which NFI stimulates the reaction only 10 times in order to obtain a well detectable level of initiation in the absence of NFI. At all concentrations of dCTP, NFI stimulated equally well. Congruent with this, the apparent Km value for dCTP of 0.54 /*M, which we calculated from a Line weaver-Burk plot of the results (Fig. IB) , is not affected by NFI. Instead, NFI increases the relative Vmax value 10-fold, in agreement with the stimulation measured. Similar results were obtained at other pTP-pol concentrations. We conclude that NFI does not influence the covalent coupling of pTP to dCMP directly.
DBP stimulates the initiation reaction in two different ways DBP has been shown to enhance initiation in vitro in the presence of NFI due to increased binding of subsaturating amounts of NFI to its recognition site in the Ad origin. Since it was not evident whether DBP alone can also activate initiation, we investigated this in more detail, employing a highly purified NFI-free DBP preparation. Fig.2A shows that DBP can stimulate the initiation reaction more than 15-fold in the absence of NFI. This activation by DBP was independent of the pTP-pol concentration (data not shown).
To study the influence of NFI on this effect of DBP, we added increasing amounts of NFI-BD to a fixed amount of DBP (Fig.2B) . The results are tabulated below the figure. DBP stimulated the reaction about 9-fold without NFI (lanes 1,2), 14 -15-fold when subsaturating amounts of NFI-BD were added (lanes 3-6) and about 10-fold at a saturating level of NFI-BD (lanes 7, 8) . The saturating amount (150 ng) of NFI-BD itself stimulated initiation about 5-fold both in the presence and in the absence of DBP (compare lanes 1,7 with lanes 2,8), whereas at lower concentrations, NFI-BD stimulated 1.5 -1.7-fold better in the presence of DBP than without DBP (compare lanes 2,4,6 with lanes 1,3,5). Thus, the stimulation by DBP itself remains the same at all NFI concentrations. In conclusion, DBP can activate initiation in two ways: (i) via enhancement of NFI binding, which occurs only at suboptimal NFI concentrations (ii) via a direct effect, which is not influenced by the concentration of NFI or pTP-pol and is much more pronounced than the stimulation via NFI.
DBP decreases the Km for dCTP during initiation
How does DBP exert its NFI-independent stimulatory role in initiation? When we studied the kinetics of the initiation reaction we found that the level of stimulation by DBP was considerably influenced by the dCTP concentration, as illustrated in Fig.3 pTP-dCMP complex 9-fold (lanes 1,2) while at 10 /tM this effect was only 2.5-fold (lanes 11,12). In a Lineweaver-Burk plot (Fig.3C) , these data reveal a Km value of 3.7 pM in the absence of DBP and of 0.44 /iM in the presence of DBP. The Vmax increased only 1.5-fold, which can be accounted for by the enhancing effect of DBP on the NFI stimulation since NFI is not completely saturating in this experiment due to the restricted NaCl concentration in the reaction mixture. Similar results were obtained with other DBP and NFI concentrations (not shown). The mean value for the Km for dCTP in the presence of DBP is 0.49 ± 0.15 nM and in the absence of DBP 3.7 ± 0.9 /tM. Thus, the reduction of the Km by DBP was 7.4 ± 2.7-fold. This effect was, as expected from the results above (Fig.2) , not influenced by NFI. We conclude that DBP enhances the covalent coupling of dCMP to pTP in vitro by decreasing the Km for dCTP.
Oct-1 increases the Vmax of the initiation reaction but has no effect on the Km Oct-1 or its isolated POU domain also enhances the initiation reaction. Stimulation by Oct-1 is hardly effected by the concentration of pTP-pol and independent of NFI. We determined the effect of the Oct-1 POU domain on the kinetics of initiation (Fig.4) . Addition of POU domain raised the measured reaction velocity 4.5 times at all concentrations of dCTP in agreement with the stimulation measured. The Km for dCTP (0.34 /tM) was not affected by the POU domain.
The Km for dCTP is lower during initiation than during elongation
To investigate the influence of the dCTP concentration on elongation, we studied replication under conditions that allowed limited elongation terminated by incorporation of ddGTP opposite to the first C in the template strand at position 26. We measured the amount of elongation product at several time points at different concentrations of dCTP (Fig.5A) . Besides the elongated complex pTP-26N, there was also an accumulation of reaction product at the position of the initiation complex (pTP-C). Remarkably, the percentage of fully elongated product was lower at 0.2 /iM dCTP than at 0.5 /tM dCTP, irrespective of the incubation time. When we tested even lower and higher dCTP levels (Fig.5B) it became clear that the percentage of elongation was determined by the dCTP concentration (plotted in Fig.5C ). These results demonstrate that during elongation a higher dCTP concentration is required for optimal activity of pol than during initiation. Consistent witii this, the Km for dCTP during elongation was calculated from several time points and different experiments at 1.4 ± 0.3 /tM, which is significantly higher than the Km for dCTP for initiation.
DISCUSSION
The kinetic studies in this paper show that Ad pol obeys apparent Michaelis-Menten kinetics for the initiation reaction both in the absence and in the presence of the stimulatory proteins NFI, Oct-1 and DBP. pTP-pol alone can only sustain a low level of initiation even at high, non-physiological concentrations. A factor that stimulates the formation of the pTP-dCMP complex can be regarded as an extra subunit of the catalytic complex that makes the reaction more favorable. To investigate how this is established, we have determined the influence of the replication proteins on the relative Vmax value and the Km for the dCTP substrate. Our results indicate that the three proteins activate the initiation reaction by distinct mechanisms.
Mechanism of stimulation by NFI and Oct-1
In a simplified model based on Michaelis-Menten kinetics, the Vmax of the initiation reaction can be defined as Vmax = k 3 .ET, in which k 3 is the rate constant of pTP-dCMP coupling and Ep the total effective enzyme concentration. The Vmax is raised by NFI, which could be the result of an increase in k 3 , in Ej or in both values. Stimulation by NFI via an increase in k 3 should not be influenced by the enzyme (pTP-pol) concentration, while in fact the need for NFI can be surmounted by high pTP-pol concentrations (34) . An effect on Ep, on the other hand, fits very well with the former data. NFI guides pTPpol to the origin and stabilizes its binding at the initiation site. The observation that NFI enlarges the Vmax value but does not alter the Km for dCTP (Fig.l) demonstrates that NFI does not significantly increase the activity of the initiation complex. Thus, the main mechanism by which NFI stimulates Ad DNA replication is to augment the amount of active initiation complexes.
Oct-1 also increases the relative Vmax value of the initiation reaction without altering the Km for dCTP (Fig.4) . In contrast to NFI, there is no evidence at all from previous observations that Oct-1 could increase Ej. A direct interaction of Oct-1 with pTP-pol could not be detected and the level of stimulation hardly depends on the pTP-pol concentration. Moreover, Oct-1 does not increase the binding of pTP-pol to the origin and does not stabilize the preinMation complex (31, 34, 42) . Furthermore, there appears to be no interaction with DBP (55) nor with NFI (34) . Therefore, we propose that Oct-1 increases the activity of the initiation complex resulting in a higher reaction rate by an indirect mechanism. The fact that a higher k 3 value does not result in an altered Km could be an indication that the rate of pTP-dCMP coupling is much lower than the rate of assembly of an active initiation complex (see also below). The molecular mechanism by which Oct-1 exerts this action is not known. Possibly, Oct-1 stimulation is mediated by bending of its target site (43) , which could for example facilitate unwinding of the core origin or induce a higher activity of pol indirectly via DNA structural distortions.
The role of DBP in replication DBP can increase the efficiency of initiation in two ways. First, it can activate initiation by itself. Second, it can enhance the effect of NFI on the Vmax when NFI is present in suboptimal amounts (Fig.2) . Although NFI has a very high affinity (K D = 3.10-" M) for its recognition site in the Ad origin (40, 58) , the latter action of DBP is caused by enhancing the DNA-binding of subsaturating amounts of NFI (54, 55) . In terms of stimulation of initiation, the direct effect of DBP is larger than its stimulation via NFI. The main mechanism underlying DBP stimulation is decreasing the Km value for dCTP. Previous results showing weak stimulatory (<2.5-fold), inhibitory or no effect of DBP in the absence of NFI (14, 40, 54, 55) might be explained by differences in protein preparations that, for example, could have contained inhibitors of initiation.
The reduction of the Km for dCTP by DBP could be accomplished via either an indirect or a direct mechanism. DBP could facilitate unwinding of the origin and thus improve the presentation of the terminal dG residue in the template strand to pol, resulting in a more efficient selection and binding of the dCTP substrate. Otherwise, DBP might induce a better fit for dCTP in the active site of pol either via structural changes in the DNA (48, 49) or by making direct protein-protein contacts with pol. These two possibilities are not mutually exclusive and both will result in a higher activity of the initiation complex.
Although it has not been demonstrated yet if and how unwinding of the Ad origin is initiated, the indispensability of DBP during replication of double stranded DNA templates makes it likely that DBP in combination with pTP-pol plays an important role in this process. Indirect evidence for a specific interaction of DBP with Ad pol came from an increased thermostability of pol in the presence of DBP and from the specificity of stimulation of elongation by DBP, but attempts to detect a stable complex have not been successful thus far (50, 51) . This may not be surprising because strong protein-protein contacts of DBP with pol could be of disadvantage in accelerating pol in DNA synthesis. It is very well possible that DBP operates via the same Km decreasing mechanism, possibly for all four dNTPs, during elongation and that this is related to the effect of DBP on the processivity of pol as well as to stabilization of the displaced strands (50, 51) . The observation that DBP largely increases the sensitivity of pol for inhibition of DNA synthesis by the dAMP analogue (5)-HPMPA further supports this notion (56) .
The fact that stimulation by DBP is dependent on the dCTP concentration raises the question whether reduction of the Km for dCTP is important during initiation in vivo. Cellular pools of dCTP in HeLa cells are about 25 pmol/10 6 cells and about 20% of the pool is present in the nucleus. Moreover, the size of the nuclear dCTP pool in synchronized Chinese hamster ovary (CHO) cells is hardly increased during the cell cycle (59) . In an average sized nucleus, 5 amol dCTP equals about 3 /*M. At this level, DBP still stimulated 4-fold in vitro. However, higher dCTP concentrations could occur locally, for example by channeling of dNTPs to replication sites (60, 61) , but at present no direct evidence for this is available. Alternatively, the Km reducing property of DBP could compensate for a low accessibility for dNTPs in the nucleoprotein complexes of the replication machinery or a negative effect on the Km of the environmental conditions in vivo. In this respect, it is interesting to note that stimulatory proteins have been found for pol /3 that reduce the Km for dNTPs and increase the rate and extent of DNA synthesis (62) . Moreover, an interesting parallel for this role of DBP is presented by the DNA replication system of Bacillus subtilis phage </>29, that also utilizes a protein-priming mechanism. The gene 6 (p6) product stimulates the formation of the terminal protein p3-dAMP initiation complex by reducing the Km for dATP 5-fold (63) . Although p6 does not bind singlestranded DNA, it binds to double stranded DNA in a regularly spaced pattern similar as DBP and changes the DNA structure (64) (65) (66) . The initiation reaction in this system requires a much lower dATP concentration than incorporation of the second and further A-residues (62, 67) . This indicates that the Km values for dATP for initiation and elongation are different, like we have found for Ad replication.
In the partial elongation assay in Fig.5 , the accumulation of initiation complex indicates a barrier after the initiation reaction, which is partially released by higher dCTP concentrations. Since the concentration of dATP and dTTP are the same in all reaction mixtures, this observation shows that it is not the pTP-C but the pTP-CAT complex that accumulates, probably due to a hampered incorporation of the C-residue at position 4. During this delay the replication complex might dissociate from the template. The lack of other intermediates accumulated at C-residues 7,17 and 18 could mean that these longer elongation products prevent dissociation. Another possibility is that incorporation of C-4 is more critical than the others, but in that case one would not expect a constant ratio of intermediate to completed elongation product. Increased dCTP concentrations could overcome the block, thus reducing the chance of dissociation. The curve in Fig.5C suggests that at high dCTP levels 100% of the initiated complexes will be elongated. The 50% value is at 1.6 uM dCTP which is within the range of 1.4 ± 0.3 measured for the Km value.
It is very likely that the initiation and elongation activity of Ad pol share the dNTP binding site, since both activities are severely affected by mutations in the conserved region I (68). The same observation was made for <j>29 DNA polymerase. The YGDTDS motif of region I, that is found in several eukaryotic and prokaryotic DNA polymerases, was proposed to be involved in metal binding associated with the dNTP binding site (69) . Therefore, the fact that the Km for dCTP during elongation is higher than during initiation could possibly be explained by a higher rate constant for polymerization than for initiation. Alternatively, the structure of the dNTP binding site could change when pol switches from an initiation mode to an elongation mode resulting in different affinities for dCTP.
